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We performed far-infrared and submillimeter-wave conductivity experiments in the electron-doped
cuprate La2−xCexCuO4 with x = 0.081 (underdoped regime, T c = 25K). The onset of the absorp-
tion in the superconducting state is gradual in frequency and is inconsistent with the isotropic s-wave
gap. Instead, a narrow quasiparticle peak is observed at zero frequency and a second peak at finite
frequencies, clear fingerprints of the conductivity in a d-wave superconductor. A far-infrared con-
ductivity peak can be attributed to 4∆0, or to 2∆0+∆spin, where ∆spin is the resonance frequency
of the spin-fluctuations. The infrared conductivity as well as the suppression of the quasiparticle
scattering rate below T c are qualitatively similar to the results in the hole-doped cuprates.
I. INTRODUCTION
The interest in the physical properties of electron-
doped superconductors [1] has revived recently concern-
ing the symmetry of the superconducting order parame-
ter. Earlier results in these compounds on penetration
depth [2], Raman [3] and tunneling spectroscopies [4]
were explained in terms of conventional (s-wave) sym-
metry of the superconducting order parameter. How-
ever, later experiments, including half-flux effect [5],
penetration-depth measurements [6], and photoemission
[7] provided strong evidences for d-wave type symmetry.
This contradiction can possibly be resolved on the basis
of recent microwave experiments [8] and point-contact
spectroscopy [9], which suggest changes of the gap sym-
metry as a function of doping.
Electron doping of the high-T c cuprates can be
achieved by substituting Ce4+ into Ln2CuO4 with Ln
= Pr, Nd, Sm, and Eu [1, 10]. Among these family
Nd2−xCexCuO4 is the earliest known and best studied
compound [11]. The highest transition temperatures for
electron-doped cuprates (T c = 30K) can be achieved in
La2−xCexCuO4 (LCCO) [10]. The temperature of the su-
perconducting transition in LCCO is close to Tc = 39K
in a recently-discovered superconductor MgB2 [12], which
is believed to be of BCS-type [13, 14]. In order to obtain
valuable information about the gap symmetry in LCCO,
a direct comparison of the physical properties of these
compounds can be carried out. Such analysis is provided
by the low-frequency electrodynamics which directly vi-
sualizes many important features of superconductors as
energy gap [15, 16] or quasiparticle scattering rate [17].
In this paper we present the far-infrared and
submillimeter-wave conductivity of underdoped (x =
0.081, T c = 25K) LCCO thin film. In order to obtain
the complex conductivity above and below the supercon-
ducting gap energy, two different experimental methods
have been applied using the same sample. For frequen-
cies below 40 cm−1 the complex conductivity has been
obtained by the submillimeter transmission spectroscopy.
At higher frequencies the reflectance was measured using
standard far-infrared techniques and the conductivity has
been obtained via a Kramers-Kronig analysis of the spec-
tra.
II. EXPERIMENTAL DETAILS
High quality La2−xCexCuO4 film with x = 0.081±0.01
(underdoped regime), were deposited by molecular-beam
epitaxy [10] on transparent (001) SrLaAlO4 substrates
10 × 10 × 0.5 mm3 in size. The thickness of the present
film was 140 nm and the film revealed a sharp transition
into the superconducting state (∆Tc < 1K) at Tc = 25K.
Lower transition temperature compared to the optimal
doping (x ≃ 0.11, Tc = 30K [10]) confirms the under-
doped character of the sample.
The transmission experiments for frequencies
5 cm−1 < ν < 40 cm−1 were carried out in a Mach-
Zehnder interferometer arrangement [19] which allows
both, the measurements of the transmittance and
the phase shift of a film on a substrate. The prop-
erties of the blank substrate were determined in a
separate experiment. Utilizing the Fresnel optical
formulas for the complex transmission coefficient of the
substrate-film system, the absolute values of the complex
conductivity σ∗ = σ1 + iσ2 were determined directly
from the measured spectra. In the frequency range
40 < ν < 4000 cm−1 reflectance measurements were
performed using a Bruker IFS-113v Fourier-transform
spectrometer. In addition, the reflectance for frequencies
5 < ν < 40 cm−1 was calculated from the complex con-
ductivity data of the same samples, which was obtained
by the submillimeter transmission. This substantially
improves the quality of the subsequent Kramers-Kronig
analysis of the reflectance and therefore the reliability
of the data especially at low frequencies. A similar
technique has been applied recently to the films of newly
discovered MgB2 [16, 20], leading to the observation of
a superconducting absorption edge. Reference [16] gives
2further details of the experimental set-up.
The reflectance of a thin metallic film on a dielectric
substrate can be obtained from the Maxwell equations
[21]:
r =
r0f + rfs exp(4piinfd/λ)
1 + r0f rfs exp(4piinfd/λ)
, (1)
with r0f = (1−nf )/(1+nf) and rfs = (nf−ns)/(nf+ns)
being the Fresnel reflection coefficients at the air-film
(r0f ) and film-substrate (rfs) interface. Here nf =
(iσ∗/ε0ω
∗)1/2 and ns are the complex refractive indices
of the film and substrate, respectively, λ is the radiation
wavelength, d is the film thickness, ω = 2piν is the angu-
lar frequency, σ∗ = σ1 + iσ2 is the complex conductivity
of the film, and ε0 is the permittivity of free space. Eq.
(1) is written neglecting the multiple reflections from the
opposite sides of the substrate.
If the film thickness is smaller than the penetration
depth (|nf | d ≪ λ) and if |nf | ≫ |ns|, Eq. (1) can be
simplified to :
r ≈
1− σ∗dZ0 − ns
1 + σ∗dZ0 + ns
, (2)
where Z0 =
√
µ0/ε0 ≃ 377Ω is the impedance of free
space. Eq. (2) provides a good approximation of the
reflectance at submillimeter frequencies. For higher fre-
quencies Eq. (1) has to be used.
III. RESULTS AND DISCUSSION
The middle panel of Fig. 1 shows the far-infrared re-
flectance of the underdoped LCCO film at different tem-
peratures. A common feature of all spectra is a sharp
structure above 200 cm−1 which is due to the phonons
of the substrate (upper panel). The influence of the sub-
strate is reduced substantially by calculating the complex
conductivity via Eq. (1) but cannot be fully removed.
At low frequencies and in the normally-conducting state
the reflectance is approximately frequency independent.
This is in agreement with Eq. (2) for a metal at low
frequencies with σ∗ ≃ σ1. In the superconducting
state, the low-frequency reflectance of the LCCO film
becomes frequency dependent and follows approximately
1 − |r|2 ∝ ν2. This behavior follows directly from Eq.
(2): in the superconducting state the complex conductiv-
ity can be approximated by σ∗ ≃ iσ2 ∝ i/ν, which leads
to 1 − |r|2 ∝ ν2. Comparing the reflectance of LCCO
in the superconducting state (Fig. 1) with the spectra
of a s-wave superconductor with comparable transition
temperature, e.g. with the reflectance spectra of MgB2
(lower panel) [14, 16], significant differences can be ob-
served. In the spectra of MgB2 the s-wave symmetry
of the superconducting order parameter leads to a sharp
”knee” in the reflectance around hν ≃ 2∆0, which is in
contrast to the spectra of LCCO where only a gradual
decrease is observed. Thus, already the analysis of the
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FIG. 1: Far-infrared reflectance of underdoped LCCO film
at different temperatures (middle panel). Lines - directly
measured data, symbols - reflectance as calculated from the
complex conductivity measured by submillimeter transmis-
sion technique. Upper panel shows the reflectance of the blank
substrate. Lower panel shows the reflectance of MgB2 film
[14, 16] for comparison.
reflectance spectra reveals a first indication of an uncon-
ventional gap-symmetry in LCCO.
Figure 2 shows the far-infrared conductivity of the un-
derdoped LCCO film in the normally-conducting state.
The results above 40 cm−1 were obtained applying the
Kramers-Kronig analysis to the reflectance data and solv-
ing Eq. (1). Below 40 cm−1 the complex conductivity
was calculated directly from the transmittance and phase
shift. We recall that the resonance-like structures be-
tween 200 and 700 cm−1 are due to the residual influence
of the substrate. In this frequency range only the overall
frequency dependence of the conductivity is significant.
The far-infrared conductivity in the normally-conducting
state can well be described by the Drude model with a
frequency-independent scattering rate 1/τ . At low fre-
quencies, σ1 is frequency-independent and σ2 increases
approximately linearly with frequency. For frequencies
close to the value of the scattering rate, σ1 starts to de-
crease and σ2 shows a maximum, νmax ≃ 1/2piτ . The
gray solid line in Fig. 2 provides a good description of
the conductivity at T = 50K and demonstrates the va-
lidity of the Drude model for LCCO. Substantial devia-
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FIG. 2: Far-infrared complex conductivity of underdoped
LCCO film above Tc. Upper panel - σ1, lower panel - σ2.
Lines represent the conductivity obtained from the infrared
reflectance, symbols - the conductivity as measured directly
by the submillimeter transmission technique. Thick gray
line shows the prediction of the Drude model with 1/2piτ =
100 cm−1.
tions between the data and the model can be observed
above 200 cm−1. These deviations can be described as-
suming a frequency dependence of the quasiparticle scat-
tering, which agrees well with the infrared experiments
in (NdCe)2CuO4 by Homes et al. [22] and Singley et al.
[23].
The infrared spectra of high-Tc cuprates and of highly
anisotropic materials often show a finite-frequency peak
in σ1(ω). In addition to well-known mechanisms to ex-
plain the origin of this peak, like localization of the charge
carriers [24], a new possibility has been proposed recently
[25]. The conductivity peak at finite frequencies results
from a small (∼ 1◦) tilt of the sample surface from the
ideal c-axis orientation. In present experiment care has
been taken to avoid such tilt effects, resulting in a peak-
free real part of the infrared conductivity in the normal
state.
The infrared conductivity changes dramatically upon
entering the superconducting state. These data are rep-
resented in Fig. 3. The real part of the conductivity
is strongly suppressed below 100 cm−1 (upper panel).
Contrary to the conductivity of s-wave superconductors
[16, 26], no clear onset of σ1(ν) can be seen in the far-
infrared range, which again indicates an unconventional
character of the energy gap. Instead, σ1(ν) clearly reveals
two contributions, a Drude-like quasiparticle peak at zero
frequency and a finite-frequency peak close to 100 cm−1.
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FIG. 3: Far-infrared complex conductivity of underdoped
LCCO film above and below T c = 25K. Lines represent the
conductivity obtained from the infrared reflectance, symbols
- the conductivity as measured directly by the submillime-
ter transmission technique. Inset shows the frequency depen-
dence of the missing spectral weight, Eq. (3).
A similar maximum at correspondingly higher frequen-
cies has been observed in infrared experiments on hole-
doped cuprates [27]. Assuming a spin-fluctuation sce-
nario of superconductivity, the frequency of the conduc-
tivity peak can be ascribed to the quadrupled frequency
of the superconducting gap 4∆0 [28]. Compared to an s-
wave superconductor with the conductivity onset at 2∆0,
an additional shift by 2∆0 arises due to a four-particle
final state. The d-wave pairing in connection with a spin-
fluctuation mechanism may lead to another characteristic
energy scale of the optical conductivity [29]. In that case
the residual attraction in a d-wave superconductor binds
a particle and hole in a spin exciton at an energy ∆spin.
As a result the characteristic feature in the conductivity
is shifted to 2∆0+∆spin [29]. These mechanisms possibly
explain the origin of the conductivity peak shown in Fig.
3. Although the optical spectroscopy is not sensitive to a
sign change of the superconducting order parameter, the
conductivity data in Fig. 3 provide strong experimental
evidence for a highly anisotropic (and, possibly, d-wave)
energy gap in underdoped LCCO: according to d-wave
model calculations including spin-fluctuation scattering,
a gap with nodes gives rise to a residual Drude-like peak
[30], and a peak at finite frequencies resulting from in-
elastic scattering processes [28, 29].
Due to the suppression of the conductivity at far-
infrared frequencies, substantial spectral weight is re-
moved from this frequency range and is transferred to the
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FIG. 4: Temperature dependence of the effective quasiparticle
scattering in LCCO. The data have been obtained from the
two-fluid analysis of the submillimeter-wave conductivity, Eq.
(4).
delta-function at zero frequency (superconducting con-
densate). This transfer leads to the dramatic increase
of σ2(ν) at low frequencies, σ2(ν) = A/ω. The spec-
tral weight of the superconducting condensate can eas-
ily be obtained as the pre-factor of this proportionality
A = nse
2/m = 1.7 · 106Ω−1cm−2. The missing spectral
weight (partial sum rule [31]) can be calculated by direct
integration
∆N(ω) =
2
pi
ω∫
0
[σ1,n − σ1,s](ω)dω . (3)
The result is shown in the inset of Fig. 3. A = ∆N
indicates the conservation of the spectral weight. The
change of spectral weight, ∆N , saturates only around
ν ∼ 400 cm−1, i.e. for frequencies well above the charac-
teristic gap frequency. In LCCO the far-infrared satura-
tion gives ∆N = 1.9 · 106Ω−1cm−2 and is ∼ 20% higher
than the measured weight of the condensate. This differ-
ence probably indicates that some amount of the spectral
weight remains in the superconducting state at frequen-
cies below the range of the present experiment.
At frequencies below 10 cm−1 and in the superconduct-
ing state, σ1 shows a wing of the low-frequency exci-
tations (upper panel of Fig. 3) which probably corre-
sponds to a Drude-like quasiparticle peak [28, 30]. The
rate of the quasiparticle scattering is strongly suppressed
compared to the normal-state (1/2piτ ≃ 100 cm−1 at
T = 50K) and attains values around 10 cm−1.
Fig. 4 shows the temperature dependence of the quasi-
particle scattering of LCCO. The effective scattering rate
has been obtained solely from the submillimeter-wave
conductivity using a two-fluid analysis [17]
σ∗(ω) =
ε0ω
2
pτ
1− iωτ
+A[
pi
2
δ(0) +
i
ω
] . (4)
Here ω2p, τ , and A represent the plasma frequency, the
scattering rate of quasiparticles, and the spectral weight
of the superconducting condensate. In this equation the
delta function δ(0) obviously does not influence the cal-
culations at finite frequencies and the parameter A is
obtained as low-frequency limit of σ2 · ω.
The most prominent feature of Fig. 4 is the suppres-
sion of the effective scattering rate directly at T c. This
is similar to the temperature dependence of the scat-
tering rate in optimally-doped YBa2Cu3O7−δ, where a
drop in 1/τ has been observed, e.g. using microwave
resonator technique [32] or submillimeter transmission
spectroscopy [17]. However, in case of YBa2Cu3O7−δ the
scattering rate revealed a linear temperature dependence
above T c, in contrast to LCCO where the scattering rate
levels off for temperatures below ∼ 100K.
IV. CONCLUSIONS
In conclusion, combining two experimental techniques
we obtained the far-infrared conductivity of underdoped
La2−xCexCuO4 in the frequency range above and below
the gap frequency. No characteristic onset of absorption
is observed in the superconducting state, which is incon-
sistent with the conventional BCS scenario. At low tem-
peratures a maximum of infrared conductivity is observed
at frequencies close to 100 cm−1 which is qualitatively
similar to the properties of the hole-doped cuprates. The
quasiparticle scattering rate is suppressed upon entering
the superconducting state. These results provide experi-
mental evidence for a d-wave or highly anisotropic s-wave
gap in underdoped LCCO.
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